Radiation induces apoptosis of crypt intestinal epithelial cells (IEC) through a pathway that is largely dependent on p53. However, exactly how p53 mediates IEC apoptosis is unclear. Studies in vitro suggest that one mechanism by which p53 mediates apoptosis is through its ability to transactivate members of the TNF receptor family of`Death Receptors'. Here, we examined the role of one of its member, TNF receptor type 1 (TNFR1), in an in vivo model of p53-dependent radiation-induced IEC apoptosis. We demonstrate that mice genetically engineered to be de®cient in TNF receptor type 1 (TNFR1
Introduction
The sensitivity of the intestine to radiation-induced injury is a major limitation in our eective use of radiation as a therapeutic modality against tumor involving the abdomen (Novak et al., 1979; Galland and Spencer, 1987; Shiraishi et al., 1998) . One postulated mechanism by which radiation induces intestinal injury is through its ability to induce cell death by apoptosis. In this regard, a major mechanism by which radiation induces apoptosis has been shown to involve p53, a tumor suppressor protein that has a key role in inducing apoptosis and cell cycle arrest (Maltzman and Czyzyk, 1984; Kastan et al., 1991; Clarke et al., 1993; Lowe et al., 1993) . The importance of p53 in radiation-induced apoptosis of IEC has been demonstrated in the studies shown that the IEC of p53 null mice were almost completely resistant to radiationinduced apoptosis (Merritt et al., 1997; Komarova et al., 2000) .
How p53 mediates IEC apoptosis remains largely unresolved and it is likely that p53 induces apoptosis through dierent mechanisms. In vitro studies have proposed several mechanisms. One intriguing mechanism by which p53 has been shown to mediate apoptosis in some cells in vitro is through p53's ability to transactivate members of the TNF receptor family of death receptors'. Members of the death receptors share a common characteristic in that all members contain within the intracellular portion of the receptor a`death domain', which allows them to signal an apoptotic through a similar pathway. At present, known members of the`death receptor' family include TNFR1, Fas, DR3, DR4 and DR5. Presently there are two known mechanisms by which p53 transactivates members of the`death receptor' family and induce apoptosis. In one mechanism, p53 has been shown to transcriptionally activate Fas and DR5/ KILLER (Wu et al., 1997; Sheikh et al., 1998; Reinke and Lozano, 1997) . In a second mechanism, p53 has recently been shown to induce the translocation of TNFR1 and Fas from the Golgi to the cell membrane (Bennett et al., 1998) . In both mechanisms, transactivation results in increased expression of the death receptor to the cell membrane thereby resulting in the cell becoming sensitive to apoptosis upon engagement with its respective ligand.
Both TNF and its receptor TNFR1 have been shown to play a major role in numerous diseases of the small intestine (Piguet et al., 1987; Hill et al., 1997; Higgins et al., 1999) . Recently, TNF has been shown to be capable of inducing apoptosis of crypt IEC primarily mediated through interaction with TNFR1 (Piguet et al., 1998) . Because radiation has been also shown to mediate apoptosis of crypt IEC, we examined the roles of TNF and TNFR1 in an in vivo model of p53-dependent radiation-induced IEC apoptosis. We demonstrate that TNFR1 plays a partial but signi®cant role in an in vivo model of p53-dependent radiationinduced IEC apoptosis. Furthermore, we demonstrate that the most likely mechanisms by which p53 regulates crypt IEC apoptosis through the death receptor TNFR1 is through the transactivation of TNF but not TNFR1.
Results

A model for p53-dependent radiation-induced apoptosis
Gamma (g)-radiation has been shown to readily induce apoptosis of crypt IEC (Clarke et al., 1994) . Subsequent studies using p53 null mice have shown that the IEC apoptosis induced by g-radiation is almost entirely p53 dependent Merritt et al., 1997; Komarova et al., 2000) . There is, however, evidence that a p53-independent pathway is also involved in radiation-induced IEC apoptosis. This pathway appears to be more important when higher doses of radiation are used or when IEC apoptosis is examined at a later time point after irradiation .
To con®rm these studies and establish a model by which all radiation-induced IEC apoptosis is p53-dependent, we irradiated C57BL/6 p53-null (p53 7/7 ) and wild-type (WT; p53 +/+ ) mice with 500 rads and examined the extent of crypt IEC apoptosis in the small intestine by identifying apoptotic crypt cells from H&E or TUNEL-stained sections. As shown in Figure  1a ,b, regardless of which method was used to analyse for apoptosis, radiation readily induced the appearance of crypt IEC apoptosis at 4 h after irradiation (arrows). Interestingly, the IEC of p53 7/7 mice appear to be completely resistant to radiation-induced apoptosis when examined at 4 h after irradiation, suggesting that all IEC apoptosis observed at 4 h after irradiation is p53-dependent. However, when the intestine was examined 24 h after irradiation, a few apoptotic crypt IEC were observed in the intestine of p53 7/7 mice suggesting a small and delayed role for p53-independent IEC apoptosis in mice irradiated with 500 rads (data not shown). Figure 1c quanti®es the typical results in seen in Figure 1a in a more objective manner and con®rms that virtually all IEC apoptosis were seen at 4 h after irradiation with 500 rads is p53-dependent.
TNF/TNFR-1 family are involved in radiation-induced IEC apoptosis
One intriguing mechanism by which p53 has been shown to induce apoptosis is through the transactivation of members of the TNF receptor family of death receptors (Wu et al., 1997; Sheikh et al., 1998; Reinke and Lozano, 1997) . Hence, we examined the eect of one of its member, TNFR1 (p55/60), in our model of p53-dependent radiation-induced IEC apoptosis. To determine whether TNFR1 is involved in p53-dependent radiation-induced IEC apoptosis, we irradiated mice genetically engineered to be de®cient in TNFR1 (TNFR1
7/7
) with 500 rads and quanti®ed the extent of crypt IEC apoptosis 4 h later. When compared with irradiated WT control mice, TNFR1 7/7 mice showed a 30 ± 40% reduction in radiation-induced crypt IEC apoptosis (Figure 2 , Experiment 1). As a control, we also irradiated mice genetically de®cient in inducible nitric oxide (iNOS 7/7 ) and found that iNOS does not appear to play a signi®cant role in p53-dependent radiation-induced IEC apoptosis (data not shown).
To further con®rm our ®ndings with the TNFR1
mice, we injected WT mice with TNFR1-Fc, a chimeric protein that binds TNF high avidity and prevents ligand engagement of cell surface receptors. As shown in Figure 2 (Experiment 2), injection with TNFR1-Fc resulted in a similar level of reduction in radiationinduced crypt IEC apoptosis as that observed in TNFR1 7/7 mice. Because we have shown that virtually all IEC apoptosis seen in this condition (4 h after exposure to 500 rads) is p53 dependent, these results suggest that TNFR1 is involved in p53-dependent radiation-induced IEC apoptosis. However, because TNFR1 7/7 mice and TNFR1-Fc injected mice did not have a complete reduction in crypt IEC apoptosis to baseline, these results also suggest that TNFR1 pathway is not the only mechanism by which p53 mediates radiation-induced IEC apoptosis.
p53 does not regulate TNFR1 expression in crypt IEC
While the above results suggest that p53-induced crypt IEC apoptosis involves TNFR1, whether this apoptosis is mediated through p53 up-regulating TNFR1 or TNF in IEC is not known. Because p53 has been shown to transcriptionally activate some members of death receptor family (Wu et al., 1997; Sheikh et al., 1998) , we ®rst examined the possibility that p53 can regulate mRNA levels of TNFR1. As shown in Figure 3 , the level of TNFR1 mRNA from IEC of mice irradiated with 500 rads showed no signi®cant dierence compared to that from non-irradiated mice.
In addition to transcriptional up-regulation, p53 has also been shown to mediate apoptosis by inducing the translocation of Fas and TNFR1 (two members of the death receptor family) from the Golgi to the cell membrane in vitro (Bennett et al., 1998) . Because the anti-TNFR1 antibodies are inadequate to measure surface expression of murine TNFR1, we examined the ability of p53 to increase the susceptibility of crypt IEC to TNF-mediated apoptosis. We rationalized that if p53 regulates TNFR1 then up-regulation of p53 should make IEC more susceptible to TNF-mediated apoptosis.
To test this hypothesis, C57BL/6 mice were treated with low dose radiation and subsequently examined for susceptibility of crypt IEC to various doses of injected TNF. We chose to irradiate with only 50 rads because this dose readily induced crypt IEC apoptosis that is completely p53-dependent. In addition, the 50 rads dose was sub-maximal, as it did not induce the extent of p53-dependent crypt IEC apoptosis seen with 500 rads of irradiation. Figure 4a demonstrates that crypt IEC are very susceptible to TNF-mediated apoptosis. In a dose response experiment, injection with as little as 0.2 mg readily induced crypt IEC apoptosis. Somewhat surprisingly, irradiation with 50 rads did not make crypt IEC more susceptible to TNF-mediated apoptosis. In fact, there was a tendency for radiation to make crypt IEC become more resistant to TNF-mediated apoptosis (Figure 4b ).
Radiation induces a p53-dependent increase in intestinal TNF, which mediates crypt IEC apoptosis
Although our results suggest that TNFR1 is involved in p53-dependent radiation-induced crypt IEC apoptosis, our results fail to demonstrate any evidence that p53 is capable of regulating TNFR1. However, because crypt IEC are susceptible to TNF-mediated apoptosis ( Figure 4a ) and TNF-mediates crypt IEC apoptosis has been shown to be mediated primarily through TNFR1 (Piguet et al., 1998) , we explored the possibility that p53 is capable of inducing IEC apoptosis by regulating TNF. To explore this possibility, we obtained punch-biopsied equal portions of the small intestine and placed it into RPMI media and radiated it with 500 rads. Subsequently, 4 h later, the culture media was collected and assayed for TNF level by ELISA. As shown in Figure 5a , this dose of radiation resulted in a 4 ± 5-fold increase in the level of TNF in the culture media. To determine whether this radiation-induced increase in intestinal TNF is dependent on p53, we performed the same experiments on the intestine of p53 7/7 and p53 +/7 mice. Figure 5b demonstrates that radiation again induced an increase in intestinal TNF and this increase was markedly attenuated in p53 7/7 mice. These results suggest that radiation-induced increase in intestinal TNF is p53 dependent.
To address whether the TNF produced by radiation was capable of inducing crypt IEC apoptosis, we examined whether neutralization of TNF can suppresses p53-dependent radiation-induced crypt IEC apoptosis. As shown in Figure 6 , injection of an anti-TNF mAb, which is capable of neutralizing TNF in vivo (Williams et al., 1994) , signi®cantly reduced p53-dependent radiation-induced IEC apoptosis by approximately 60%. These results suggest that the radiation-induced (p53 dependent) production of TNF is capable of inducing IEC apoptosis.
Discussion
To date there have been numerous mechanisms which have been proposed by which p53 can induce apoptosis (Wu et al., 1997; Sheikh et al., 1998; Reinke and Lozano, 1997; Ryan et al., 2000; Schuler et al., 2000) . It is worth mentioning that most of these proposed mechanisms have been based on studies performed in vitro on transformed cells and thus the role of these mechanisms in vivo needs to be explored. Using, an in vivo model of radiation-induced apoptosis that is entirely p53-dependent, we demonstrated that TNFR1 Figure 2 p53-dependent radiation-induced crypt IEC apoptosis is partially dependent on TNFR1. Experiment 1: TNFR1 7/7 and C57BL/6 WT control mice were irradiated with 500 rads in both experiments. Experiment 2: C57BL/6 WT Mice were injected i.p. with 100 mg of TNFR1-Fc or PBS (vehicle) and 30 min later irradiated with 500 rads. IEC apoptosis was assessed from the proximal small intestine, which harvested at 4 h after irradiation. Apoptosis was quanti®ed from H&E-stained sections. Values represent mean+s.d. of ®ve mice in each group. *Signi®es P50.05 Figure 3 Radiation does not appear to regulate mRNA level of TNFR1 in IEC. Total RNA was isolated from small intestinal IEC of irradiated with 500 rads and non-irradiated mice at 4 h after irradiation. IEC purity is more than 98% as measured bȳ ow cytometry. After RNA was diluted to ®ve-and 25-fold concentration, semi quantitative RT ± PCR was carried out with cytokine-speci®c primer described as Materials and methods. PCR products of TNFR1 and GAPDH are 280 and 575 bp, respectively. Results from two mice per each group are shown is involved in p53-dependent radiation-induced IEC apoptosis. However, our results fail to demonstrate any evidence that p53 is capable of transactivating TNFR1 in IEC. Instead, our results suggest that p53 regulates IEC apoptosis through TNFR1 by regulating TNF, which subsequently induces crypt IEC apoptosis through TNFR1.
Radiation has been shown to induce an increase in TNF levels in several in vitro systems through an unknown mechanism (Hallahan et al., 1989; Iwamoto and McBride, 1994) . Our results suggest a novel mechanism by which radiation-induced p53 regulates TNF expression. Presently, how p53 regulates TNF levels and in which cell types this regulation occurs are speculative. A recent study reported that p53 is capable of inducing apoptosis by activating the nuclear transcription factor NF-kB (Ryan et al., 2000) . Thus, it is possible that in some cells, such as lamina propria macrophages, the activation of p53 by radiation leads to activation of NF-kB, but this does not lead to apoptosis. Instead, the activation of NF-kB by p53 in these cells lead to the transcrptional activation of several cytokines such as TNF and IL-1, which have been shown to be regulated by NF-kB (ZieglerHeitbrock et al., 1993; Hiscott et al., 1993) .
It is worth noting that our results in Figure 5 suggest that radiation can induce a protective eect against TNF-mediated IEC apoptosis. TNF readily induced IEC apoptosis in a dose responsive manner ( Figure  4a ), however, if mice are pre-radiated with 50 rads, a dose which was sucient to activate p53, this dose responsive eect was abolished (Figure 4b ). One possible explanation for this is that the activation of p53 can dierentially eect dierent cell lineages. In one scenario, the activation of p53 in macrophages or other immune cells in the lamina propria fails to induce apoptosis but instead induces the secretion of TNF, which subsequently induces apoptosis of nearby crypt IEC in a paracrine fashion. In contrast, the activation of p53 in IEC results in the activation of NF-kB, which has been shown to protect some cells in vitro from TNF-mediated apoptosis (Beg and Baltimore, 1996; Van Antwerp et al., 1996) .
While the TNF and TNFR1 system is involved in p53-dependent crypt IEC apoptosis, it is unlikely the only mechanism. From our results, inhibiting signaling through TNFR1 appears to be responsible for about 30 ± 40% of p53-mediated radiation-induced crypt IEC apoptosis (Figure 2) , thus other mechanisms are probably responsible for the other 60 ± 70%. One possibility is that other members of the`death receptor' family, such as Fas or DR5/KILLER, which have been shown in vitro to mediate apoptosis through p53, may be involved, however, we have found no evidence to suggest that p53 can regulate TNFR1 in crypt IEC. Alternatively, we can not rule out the possibility that p53 can regulate the ligand of the respective death receptors as we have shown with TNF, which is the primary ligand for TNFR1. Several inducers of apoptosis such as UV-and g-irradiation or protein synthesis inhibitors, have been shown to activate members of the TNF family of ligands (Faris et al., 1998a, b) . Lastly, several lines of evidence suggest that p53 can mediate apoptosis through Bax (Schuler et al., 2000; Miyashita and Reed, 1995) , a pro-apoptotic member of the Bcl-2 family. However, a recent study by Pritchard et al. (1999) using Bax de®cient mice demonstrated no dierence in susceptibility to p53-dependent radiation-induced IEC apoptosis between Bax 7/7 mice and control mice. One problem with this study is that the Bax 7/7 mice were in a mixed C57BL/6 and 129 background. We have found that there are dierences between strains in their susceptibility to radiation-induced crypt IEC apoptosis. Thus, if Bax plays only a partial role, as we have proposed with TNFR1, slight dierences in the susceptibility between Bax 7/7 and control mice may have been missed. Our results suggest that p53-dependent radiationinduced IEC apoptosis is mediated in part through p53 inducing an increase in TNF, which subsequently induces crypt IEC apoptosis through engagement with TNFR1. This conlusion is supported by our studies using a neutralizing anti-TNF mAb ( Figure 6 ). However, if this was true, then we should expect to see the same results if TNF 7/7 mice were irradiated with 500 rads and IEC apoptosis quanti®ed 4 h later. Indeed, we did examine the susceptibility of TNF 7/7 mice to p53-dependent radiation-induced IEC apoptosis and did notice a 15% decrease; however, despite examining eight mice per group, the dierence was not statistically signi®cant (data not shown). We believe there are two major reasons that could explain the discrepancy between this result and our TNFR1 results (Figure 2) . First unlike the TNFR1 7/7 mice or the TNFR1-Fc injected mice, TNF 7/7 mice are genetically in a heterogenous background (C57BL/6 x 129). In our experience, the C57BL/6x129 background make have a substantial variability in its sensitivity to radiationinduced IEC apoptosis compared to the homogenous C57BL/6 background (data not shown). We believe these variability make it very dicult to detect a signi®cant dierence of only 30%. A second reason may be that other ligands compensate for the lack TNF in TNF 7/7 mice and these other ligands can induce apoptosis through TNFR1. In this regard, lymphotoxin alpha (LT-a) has been shown to also to mediate apoptosis through TNFR1 (Medvedev et al., 1996) .
In conclusion, we have found that radiation induces p53-dependent crypt IEC apoptosis in part through thè death receptor' TNFR1. We, however, found no evidence to suggest that p53 can regulate TNFR1 in crypt IEC, but instead, found that p53 can regulate intestinal TNF. These ®ndings suggest that p53 mediates radiation-induced crypt IEC apoptosis by regulating TNF, which subsequently induces crypt IEC apoptosis through TNFR1.
Materials and methods
Mice, irradiation and material
Male C57BL/6, C57BL/6 p53 7/7 , C57BL/6 TNFR1 7/7 , C57BL/6 iNOS 7/7
, and CC57BL/6x129 TNF 7/7 mice were purchased from Jackson Laboratory. All mice were used at 6 ± 8 weeks of age to avoid dierences due to age dierences. Recombinant murine TNF was provided generously by Dr Grace Wong. After treatment of recombinant TNF or TNFR1-Fc (Crowe et al., 1994) and anti-mouse/rat TNF-a mAb (PharMingen) or anti-Hamster IgG (PharMingen), mice were irradiated with 500 rads from Cesium source gamma irradiator. Mice were handled according to recommended guidelines of Northwestern University and kept under SPF conditions.
Histology
A 2 cm-section of the small intestine was removed approximately 5 cm away from the pylorus and then preserved in a 4% neutral formaldehyde for parra®n ®xation. Four mm paran-embedded sections were then stained with both Hematoxylin and Eosin (H&E) or with TUNEL (TdTmediated dUTP-biotin nick end labeling) staining as previously described (Lin et al., 1998) .
Assessment of IEC apoptosis
Apoptotic IEC was quanti®ed by counting the number of apoptotic cells per 100 whole crypts in a double blind fashion. A minimum of 200 crypts was counted for each sample. Apoptotic IEC was identi®ed from H&E stained section according to the criteria described previously by Potten et al. 1994 . TUNEL positive cells were identi®ed using non-irradiated intestine always as a negative control.
Isolation of IEC
IEC were isolated by a method described previously (InagakiOhara et al., 1997) . Brie¯y, the small intestine from mice was cut and stirred at room temperature for 30 min in RPMI-1640 media containing 5% FCS (Gibco/BRL) and 100 U/ml penicillin and 100 mm/ml streptomycin (RPMI-5) and 1 mM DTT. After shaking them, cells were collected and centrifuged through 25%/40% discontinuous Percoll 1 (Sigma) gradient at 6006g at 208C for 20 min. IEC were obtained at the interface.
RT ± PCR
Total RNA was extracted from isolated IEC using the RNase 1 Mini Kit (QUIAGEN). Serial dilutions of RNA were primed with 20 pmol of random primer for reverse transcription. Synthesized cDNA was ampli®ed by PCR using primers speci®c for the murine TNFR1 and GAPDH. Primers sequences were as follows: TNFR1 sense; 5'-GCT CTG CTG ATG GGG ATA CAT C-3', anti-sense; 5'-ACC TGG GAC ATT TCT TTC CGA C-3'. GAPDH sense; 5'-CCA TCA CCA TCT TCC AGG AG-3', anti-sense; 5'-CCT GCT TCA CCA CCT TCT TG-3'. PCR was performed with a Perkin Elmer 9600 thermocycler (PE Biosystems). PCR reactions were cycled at 948C for 1 min, 56.98C for TNFR1 or 568C for GAPDH for 1 min and 728C for 1 min. Thirty-three cycles for TNFR1 and 30 cycles for GAPDH were completed.
Measurement of intestinal TNF levels induced by radiation
Small intestine was ®lleted longitudinally and washed brie¯y with RPMI-5 media to remove fecal material. A 3-mm skin punch biopsy instrument (Acudenm Inc.) was used to obtain an equal-sized biopsy of the proximal small intestine. Each biopsy was then incubated in a 96-well¯at bottom plate containing RPMI-5 media. Biopsy samples were either irradiated or mock-irradiated with Cs-source irradiator and cultured for 4 h at 378C in a 5% CO 2 incubator. One hundred and ®fty ml of the culture was then removed and assayed for TNF levels using a murine TNF-a ELISA kit (R&D Systems) following the manufacture's protocol.
Statistics analysis
Student's t-test was used to determine the signi®cance of dierences. A P value of less than 0.05 was taken as signi®cant.
Abbreviations TNF, tumor necrosis factor; IEC, Intestinal epithelial cells.
